Introduction
The friction stir welding or FSW [1] has found a very wide application in different industry branches, as one of the most efficient procedures for joining the parts in solid state. Its main goal is overcoming the problems characteristic for welding of (primarily aluminium alloys) by melting processes. Most of aluminium alloys can be joined by the application of FSW, but the method by no means limited to these materials. It has been successfully applied to alloys of nickel, copper, magnesium and titanium, as well as to some steels (typically those with lower strength). Dissimilar joints can also be made, meaning that two different base materials are joined. Applications of this welding procedure are numerous, such as shipbuilding, aerospace, automotive or process industry (vessels for different fluids -hydrogen, oxygen, etc.). For example, Boeing applies FSW for the production of fuel tanks for Delta rockets, while Marine Aluminium from Norway uses this technique for joining large parts for ferry boats. Numerous studies of producing and testing of FSW joints can be found in the literature [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . Regarding the joint geometry, butt joints are most often used in practice and analysed in the literature, e.g. [6, 7, 11] . However, other joint geometries can also be formed by this welding procedure, such as lap [14, 15] or T-joints [16, 17] .
FSW can generally be split into two stages: plunge and linear welding, Fig. 1 . The plunge stage initiates the friction stir welding process. The tool, which is fabricated from a material with higher hardness in comparison with the welded piece, has two movements in this stage: rotation around its axis and translation in the vertical direction. It penetrates into the plates at the beginning of the joint, establishing the thermo-mechanical conditions which will be maintained during the linear welding stage.
After the tool plunge is finished, the tool still rotates around its axis, but the translation has the direction of the joining line. During this movement, the plates are heated due to the friction with the tool, and the material undergoes significant plastic deformation. Softened material flows around the tool pin, and it cools down behind the tool, thus producing the joint. In other words, the welded joint is formed by two actions: heating due to the friction and mechanical deformation due to the rotation of the tool. Energies from both of these sources heat the plates, and the joining occurs at temperatures below the melting point (which is an important property of the friction stir welding).
The heat generation is obtained as a direct transformation of the mechanical energy on the contact surface tool -plates. Therefore, the friction stir welding is a solid state joining process which combines the heat and mechanical work and results in high-quality joints. As can be seen from the previous description, the friction stir welding is accompanied by high temperatures and plastic flow of the material, which are localised in the vicinity the joining line. Understanding of the material behaviour during the process, [3] [4] [5] [6] [7] 9, 11, 14] , is beneficial for adequate preparation (parameter selection) and performing of the welding procedure. Another important goal is to prevent the occurrence of defects in produced joints, [15, 18] , and minimize the residual stresses [19, 20] , both of which can significantly improve the welded structure properties and integrity. Numerical analysis can be of great importance in this context since it provides the values of thermomechanical variables (temperature, strain, stress, energy) which can be applied in the optimization of friction stir welding technology, [4] [5] [6] [7] 12] .
In this work, the influence of material properties on thermo-mechanical quantities (temperature fields, heat generation, reaction force and plastic strain) during FSW is analysed on two very similar materials -aluminium alloys 2024 T3 and 2024 T351.
Materials and methods

Material properties
Both considered materials (alloys 2024 T3 and 2024 T351) have the same chemical composition [21, 8] , but their fabrication procedure/processing is different. Accordingly, it can be said that this is the same Al alloy, but subjected to different thermal treatments ("T3 -solution heat treated and then cold worked; T351 -solution heat treatment and stress relief by stretching", [21] ).
Johnson-Cook expression, [22] , is applied for modelling the material behaviour in numerical analysis, Eq. (1). The constants which are used for both analysed materials in Eq. (1) are given in tab. 1, while basic physical and mechanical material properties can be found in [13, 23] . 
Finite element model
The model for the linear welding stage is formed with dimensions 100×50×3 mm, in the software package for finite element analysis Simulia Abaqus (www.simulia.com). Thermomechanically coupled hexahedral 8-noded element is used; designation in Abaqus -C3D8RT. It is characterised by linear interpolation for both displacement and temperature, as well as reduced integration [25] .
The geometry of the welding tool is given in Fig. 2 ; it can be seen that the pin and the shoulder are cylindrical.
Fig. 2. The model of FSW welding tool
The welding tool and the backing plate (below the welded plate, Fig. 2 ) are modelled as analytical rigid surfaces. They only have mechanical degrees of freedom, i.e. their heating is not taken into account. The assembly of all three parts in Abaqus is shown in Fig. 3 (there is no mesh on analytical rigid bodies, i.e. the tool and the backing plate). More details about the model can be found in [7, 26] . 
(component corresponding to friction between the tool and the welded material). Thermo-mechanical quantities in these equations are shear stress  , plastic strain rate p & , pressure p and slip rate . The coefficient of friction between the material of the tool and welded plates is  (value 0.3), while factor  represents the conversion of mechanical to thermal energy (value 0.9), [3] . The heat convection coefficient has the same value on all surfaces of the welding plate, except on the bottom one: h = 10 Wmˉ2 °Cˉ1 [3] . The heat is taken from these surfaces by convection (fluid is air, 25 ºC). The h value at the mentioned bottom surface is much higher (3 000 Wmˉ2 °Cˉ1, [27] ), because it takes into account the heat which is taken away through the backing plate.
In a previous paper, [13] , heat generation in the same two materials is analysed during the plunge stage, i.e. before the linear welding stage is started. Thermo-mechanical analysis of the plunge stage is very important because all thermo-mechanical conditions which are present later during the linear welding are initiated in this stage. The plunging of the tool is characterised by high temperatures (which correspond to hot processing) and extremely pronounced deformation of the material. For the modelling of the plunge stage in [13, 28] , thermo-mechanical finite element model with Lagrange formulation is applied, including the remeshing technique.
The linear welding stage presented in this work is modelled, unlike the previously mentioned simulation of the plunge stage, by application of the so-called Arbitrary Lagrangian-Eulerian technique. For the surfaces which are perpendicular to the welding direction, Euler boundary conditions are defined -representing the "inflow" and "outflow" of the material from the model (welding plate). The remaining surfaces of the welding plate are defined as sliding surfaces: side surfaces, top surface (which is in contact with the tool) and bottom surface (which is in contact with the backing plate). Due to the limited possibilities of the mesh adjustment in the Lagrangian-Eulerian technique, the tool pin has a cylindrical shape.
Results and discussion
The temperature field at the beginning of the linear welding stage is given in Fig. 4 ; it is shown on the cross-section, in order to show the values along the thickness. Marked points T1-T4 were used for tracking the temperatures. These points are always in the same position relative to the tool, i.e. they move along with the translation of the tool.
Fig. 4. Temperature distribution at the beginning of the welding stage, alloy 2024 T3
In Fig. 5 , the rate of heat generation is given for both alloys. It is shown as total energy, as well as decomposed into the parts caused by friction and plastic deformation. The latter is more pronounced for alloy 2024 T3, which can be attributed to higher yield strength and accordingly higher resistance to deformation. The friction heat generation rate for alloy T3 is somewhat lower because the material is sufficiently heated by plastic deformation, i.e. an operating temperature has already been reached in the welding zone and is maintained almost constant.
The total heat generation rate during welding is higher for alloy 2024 T3. The share of heat generation by plastic deformation in total heat generation, when the welding process is steady, for alloy T3 is 40 -45% and for alloy T351, 30 -35%.
Fig. 5. Heat generation due to friction and plastic deformation
Comparing the diagrams of temperature changes for the same welding parameters, higher temperatures were registered in points T1 -T4 for alloy 2024 T3, Fig. 6 . This is due to intense heat generation for alloy 2024 T3. In fact, in the welding zone operating temperatures are similar for both alloys, but as we approach the periphery of the tool and go on further, the difference is more pronounced.
Heat generation during the friction stir welding is caused by a combination of two different mechanisms: friction between the contact surfaces of the tool and the work-piece (relative sliding of the surfaces) and shear plastic strains in the vicinity of the tool pin and shoulder. In the beginning of the plunging of the tool shoulder into the material, the resistance to this penetration is very high, and the force reaches its maximum. This, in turn, causes an intensive heat generation by friction, which increases the temperature in the welding zone.
As the temperature for plastic processing of the material is reached, the resistance to tool penetration is decreased. The heat generation by plastic deformation becomes much more intensive, while the friction-generated heat decreases. After 2 seconds, translation of the tool begins, i.e. the linear welding is initiated. Soon, the balance between the generated heat and the heat which is 'taken away' is established. As a result, the heat generation is approximately constant, as well as temperature and force in the vertical direction, as shown in Figs. 5, 6 and 7 -heat generation approx. 1.25 kJ/s, force in the vertical direction 12-17 kN, temperature on the top surface of the plate under the tool shoulder around 500 C and temperature on the bottom side of the plate under the tool shoulder around 480 C
Fig. 6. Temperature in measurement points T1-T4
The force in the vertical direction is higher for alloy 2024 T3, i.e. this alloy is characterised by higher resistance to deformation, Fig. 7 .
Fig. 7. Change of force in the vertical direction
The equivalent plastic strains for alloy T351 are generally higher, Fig. 8 , which can mainly be attributed to its lower strength level. Also, the zone with large plastic strain is much larger, in all directions, for this alloy. Also, a difference can be seen in the position of the maximum plastic strain; in alloy T3, maximum values are mainly positioned around the tool pin, while two more strain concentration zones are observed in alloy T351 -along the circumference of the tool shoulder and behind the tool on the plate surface.
Different scales are deliberately used in Fig. 8, i .e. the maximum plastic strain for alloy T3 in the legend is 1%, while for T351 alloy the maximum value is 5%. It is important to emphasize that if the same scale (minimum and maximum plastic strain values) was used, the difference between these figures would be even more pronounced! Observing the plastic strains on the cross-section of the welded joint, Fig. 9 , it can be concluded that they are significantly more pronounced at the advancing side for alloy 2024 T351, Fig. 9 . 
Conclusions
In this work, the linear welding stage of the friction stir welding (FSW) process is analysed by the application of the finite element method. Two materials are considered; essentially, it is an aluminium alloy (2024) which has been exposed to different thermal treatments (denotation: 2024 T3 and 2024 T351). Much of the presented results can be related to the heat generation rate, and there are two main sources of heat in the FSW -intensive plastic deformation of the material around the welding tool and friction between the tool and the material being welded. The results point to a higher rate of heat generation caused by plastic deformation in alloy 2024 T3, while the rate of friction-generated heat is higher for alloy T351. The total heat generation rate during the welding process is higher for alloy T3. Temperatures in the welding zone are similar, but the difference is more pronounced towards the tool periphery. The force in the vertical direction is higher for alloy 2024 T3, while plastic strains are much more pronounced for alloy 2024 T351, as well as the size of the region with high plastic strains.
